The effects of oxygen on growth and mannitol fermentation of eight strains of Streptococcus mutans were compared under aerobic and strictly anaerobic conditions. The growth of three strains was severely inhibited by oxygen, whereas the others were oxygen-tolerant. The growth of two of the oxygen-tolerant strains was significantly enhanced by oxygen. The activities of superoxide dismutase and NADH oxidase in extracts from aerobically grown bacteria showed a positive correlation with the growth rate under aerobic conditions. The activities of these enzymes in oxygen-sensitive strains grown aerobically were as small as those in anaerobically grown cultures. Moreover, the enzyme activities increased during aeration of anaerobically grown oxygen-tolerant strains, but not in oxygen-sensitive strains. In all strains, oxygen changed mannitol catabolism from heterolactic to homolactic fermentation. It was concluded that oxygen-tolerance of S. mutans is dependent on the ability of strains to induce NADH oxidase and superoxide dismutase.
INTRODUCTION
A lactic acid bacterium, Streptococcus mutans, has been implied as a causative agent of dental caries (Krasse et al., 1968; Woods, 1971 ; Shklair et al., 1972) . The important characteristics distinguishing it from other oral streptococci include its ability to synthesize the adhesive and highly branched glucan, mutan, from sucrose and to utilize mannitol and sorbitol as a primary energy source for growth (Carlsson, 1967; Guggenheim, 1968) . Although the bacterium is considered as a facultative anaerobe, the strains classified as serotype a require an atmosphere of low oxygen content for growth (Coykendall, 1977) . However, growth of the neotype strain (S. mutans NCTC 10449) is enhanced by oxygen and retarded by anaerobiosis, particularly when the cells are grown on mannitol (M. Higuchi, unpublished observations) . Recently, Abbe et al. (1 982) reported that the oxygen-sensitive enzyme pyruvate formate-lyase regulates mannitol metabolism of S. mutans JC2.
In the present study, the effects of aerobiosis and anaerobiosis on the growth and on activities of several enzymes involved in mannitol catabolism and oxygen defence of various strains of S . mutans have been explored. The results show that the oxygen-tolerance of S. mutans is not directly correlated with the serotype (Bratthall, 1969; Perch et al., 1974) nor with the four subspecies (Coykendall, 1974) , but that growth response to oxygen is correlated with the ability of the strains to induce NADH oxidase and superoxide dismutase.
METHODS
Organisms and culture medium. The eight strains of S . mutans used in this study together with their serological group are listed in Table 1 . They were maintained monthly by transfer on blood agar and mitis-salivarius agar plates. All strains were grown in a broth containing (%, w/v): trypticase peptone (BBL), 1.0; yeast extract (Daigo Chemical Co., Osaka, Japan), 0-2; NaCI, 0.2; K,HPO,, 0.3; KH2P04, 0.2; K2C03, 0.1; MgS0,.7H20, 0.01; MnS0,.4H2O, 0.002; mannitol, 1.0 (TYM medium, pH 7.0). The medium was sterilized at 121 "C for 15 min. Catalase and pyruvate were separately sterilized by filtration. transferase. The amount of acetylphosphate produced in the reaction at 35 "C for 15 min under anaerobic conditions was estimated by the method of Lipman & Tuttle (1945) . One unit of pyruvate formate-lyase activity was defined as the amount of enzyme (mg protein) which produced 1.0 pmol acetylphosphate min-I.
Estimation of oxygen consumption and hydrogen peroxide production. Oxygen consumption and hydrogen peroxide production by extracts were estimated polarographically at 37 "C with an oxygen monitor (model 53 ; Yellow Springs Instruments Co., Yellow Springs, Ohio, USA) by the method of Carlsson et al. (1983) . The electrode was calibrated by the phenylhydrazine/ferricyanide method (Misra & Fridovich, 1976) .
Estimation of acetate, formate and lactate in fermentation products. Carboxylic acids in the culture supernatant were analysed by an auto carboxylic acid analyser (model S-14; Seishin Pharmaceutical Co., Chiba, Japan) with a detection system based on 2-nitrophenylhydrazone formation according to the method of Kasai et al. (1977) . Formate was also determined spectrophotometrically by the method of Sawicki et al. (1961) .
Estimation of ethanol in fermentation products. Ethanol in the supernatant fluids was measured by a gas-liquid chromatograph (model GC-7A; Shimazu Co., Tokyo, Japan)on aChromosorb 101 column at 150 "C using a flame ionization detector.
Other analytical procedures. Protein was determined by the biuret method (Gornall et al., 1949) using bovine serum albumin solution as standard.
Chemicals. N AD, NADH, Coenzyme A (CoA), L-lactate dehydrogenase and xanthine oxidase were obtained from Boehringer ; ferricytochrome c, fructose &phosphate, phosphoacetyltransferase, catalase and sodium pyruvate were from Sigma; and xanthine from cow's milk was from Nakarai Chemicals Co., Tokyo, Japan.
R E S U L T S
Effect of oxygen on the growth of S . mutans on mannitol When eight strains of S . mutans were grown under aerobic and strictly anaerobic culture conditions, three distinct patterns of growth response to air were observed. Strains FIL, MT8148 and PK 1-M grew well on mannitol under strictly anaerobic conditions (1.5 to 3 h doubling time), whereas under aerobic conditions the growth was severely inhibited (10 to 12 h doubling time) (Fig. 1 a) . In contrast, the other five strains were oxygen-tolerant. Two of them, strains NCTC 10449 and PK 1-EB1 (type I) grew better under aerobic conditions (1.5 to 2 h doubling time) than under strictly anaerobic conditions (3.5 to 4.5 h doubling time) (Fig. 1 b) , while three strains, BHT, FA1 and 671 5 (type 11) grew better under anaerobic conditions (2 to 3.5 h doubling time) than under aerobic conditions (4.5 to 5.5 h doubling time) (Fig. 1 c) . Effect of aeration on the end products of mannitol metabolism Growth of the eight strains under aerobic conditions yielded lactate as the main product, whether or not oxygen suppressed growth, although strains FIL, MT8148 and PK 1-M produced lower concentrations of lactate, as expected from their poor growth. In contrast, anaerobic growth led to heterolactic fermentation which produced large amounts of ethanol and formate ( Table 2 ). The proportion of ethanol to the total amount of the products formed varied markedly between oxygen-sensitive and oxygen-tolerant strains. The former, FIL, MT8 1.48 and PK 1-M, gave a ratio of 44.3,47-9 and 50.5%, respectively, while the latter gave a ratio of less than 40%. Conversely, the proportion of lactate produced in oxygen-tolerant strains was higher than that in oxygen-sensitive strains. There was no significant difference in the amount of acetate produced between oxygen-sensitive and oxygen-tolerant strains.
The results indicated that oxygen changed mannitol catabolism in all strains examined from heterolactic to homolactic fermentation, and suggested that the observed difference in growth response to air depended on the activities of enzymes involved in mannitol metabolism and oxygen defence.
Enzyme activities involved in mannitol catabolism
The activities of several enzymes involved in mannitol catabolism were determined under aerobic and anaerobic conditions. A significantly high activity of pyruvate formate-lyase was demonstrated in extracts from anaerobically grown strains FIL, MT8148 and PK 1-M. In contrast, the enzyme activity in all oxygen-tolerant strains was low as compared with those in oxygen-sensitive strains. This was clearly correlated with the amounts of ethanol and formate produced by oxygen-sensitive strains under anaerobiosis. A positive correlation between the activity of this enzyme and growth rate was observed under anaerobic conditions except for strains BHT and FA1 (Fig. 2) . The enzyme was not detected in extracts from aerobically grown cells of all strains. No correlation was found between growth rate and the activities of mannitol-1-phosphate dehydrogenase, lactate dehydrogenase or alcohol dehydrogenase in extracts from any of the strains grown under either aerobic or strictly anaerobic conditions. conditions. NADH oxidase activity was determined as described in Methods. The enzyme activity of each strain was plotted against the reciprocal of the generation time. 1, FIL; 2, PK 1-EB1; 3, BHT; Fig. 4 . Correlation between growth rate and superoxide dismutase activity in cell extracts. Cell extracts were prepared from cells grown to late-exponential phase on mannitol under aerobic (0) and anaerobic (@) conditions, and superoxide dismutase activity was determined as described in Methods. The enzyme activity of each strain was plotted against the reciprocal of the generation time. 1, FIL; 2, PK 4, FAl; 5, NCTC 10449; 6, MT8148; 7, 6715; 8, PK 1-M.
I-EBl; 3, BHT; 4, FA1; 5, NCTC 10449; 6, MT8148; 7, 6715; 8, PK 1-M.
NADH oxidase activity in extracts
The catabolism of mannitol differs from that of glucose by the production of an additional mole of NADH in the reaction converting mannitol 1-phosphate to fructose 6-phosphate (Brown & Wittenberger, 1973) . Under aerobic growth conditions, NADH is probably reoxidized by oxygen through NADH oxidase. To elucidate the nature of growth inhibition by oxygen, NADH oxidase activity in both oxygen-sensitive and oxygen-tolerant strains was determined. The results, summarized in Fig. 3 , showed a clear correlation between NADH oxidase activity in cell extracts from aerobically grown cultures and their growth rate. The enzyme activity in extracts from oxygen-sensitive strains was lower than that from oxygentolerant strains. A significantly higher activity of NADH oxidase was detected in extracts from
strains NCTC 10449 and PK 1-EBl . This corresponded to their faster growth rate under aerobic Conditions. All strains exhibited low levels of enzyme activity [ < 0.1 units (mg protein)-' 1 when they were grown under strictly anaerobic conditions.
Superoxidase dismutase activity in extracts
The activity of superoxidase dismutase also correlated with growth rate under aerobic conditions (Fig. 4) . The enzyme activity in the three oxygen-sensitive strains was as low as that detected in anaerobically grown cultures. In contrast, superoxide dismutase activity in the five oxygen-tolerant strains was high as compared with oxygen-sensitive strains.
Effect of pyruvate and catalase on growth inhibition by oxygen To study the possibility that the mechanism of growth inhibition was by hydrogen peroxide produced under aerobic conditions, one of the oxygen-sensitive strains, PK 1 -M, was grown aerobically on TYM medium supplemented with pyruvate (O'Brien & Morris, 1971) or catalase, a scavenger of hydrogen peroxide. At a concentration of 18 mwpyruvate, growth inhibition by oxygen was still evident (0.21 A660 units at 35 h), whereas both the growth rate and the cell yield (0.8 1 A660 units) increased as 25 mwpyruvate. However, at 50 mM-pyruvate the growth rate was not affected but the cell yield was 0.53 A660 units. When catalase (3000 units m1-I) was added to the growth medium, no change in growth rate was observed, but the cell yield (0.26 A660 units) was slightly increased. The optimum concentration of pyruvate and catalase appeared to alleviate oxygen inhibition by about 51 % and 4.0%, respectively. Under these experimental conditions, the catalase added to the medium destroyed at least 0.48 pmol hydrogen peroxide min -ml -l . Therefore, these results suggest that hydrogen peroxide produced by PK 1 -M is not correlated with growth inhibition under aerobic conditions. Effect of oxygen on activities of NADH oxidase and superoxide dismutase After 2 h exposure to air, NADH oxidase activity in anaerobically grown strain NCTC 10449 increased 19-fold and superoxide dismutase activity increased 3 1-fold. However, no effect on NADH oxidase activity in strains FIL and MT8148 was detected by the treatment, whereas superoxide dismutase activity in these cultures increased 4-to 5.5-fold (Table 3 ). In these strains no induction of the enzymes was observed after 2 h anaerobic incubation at 35 "C. 
DISCUSSION
In the present study, three distinct patterns of growth and mannitol catabolism in response to aerobic and strictly anaerobic conditions were demonstrated among the eight strains of S. mutans. The growth o f three strains, FIL, MT8148 and PK 1-M, (serotypes a and c) was severely inhibited by oxygen, whereas the other (serotypes b, c or g ) behaved as oxygen-tolerant strains. The growth of two oxygen-tolerant strains (serotypes b and c) was slightly enhanced by oxygen. These results indicated that oxygen-sensitivity of S . nzutans strains is not a representative character distinguishing their serological group.
Three possibilities can be considered as the prime cause of the observed growth inhibition by oxygen : (1) oxygen acts as a toxic agent by producing superoxide radicals (O'Brien & Morris, 1971; Fridovich, 1974; Lindmark & Muller, 1974) ; (2) S . mutans, which lacks catalase, is inhibited by hydrogen peroxide (Anders et al., 1970) ; ( 3 ) oxygen inactivates key enzymes, which disturb energy metabolism (Abbe et al., 1982) . The first possibility is supported by the observations that (a) there is a good correlation between the activities of superoxide dismutase and NADH oxidase in the extracts and the growth rates of aerobically grown bacteria; and (b) the activities of superoxide dismutase and NADH oxidase increase during aeration of anaerobically grown cells of oxygen-tolerant strains, but not in strains which are inhibited by oxygen.
It has been shown that 0.2 mhl-hydrogen peroxide inhibits the growth of Streptococcus cremoris by 50% (Anders et al., 1970) , and also that some S . mutans strains release hydrogen peroxide in the presence of glucose, through a NADH-dependent reaction, while some strains excrete no hydrogen peroxide (Perch et al., 1974; Thomas & Pera, 1983; Carlsson et al., 1983) . However, the possibility of growth inhibition by hydrogen peroxide is negligible from the following observations: (a) catalase did not alleviate the growth inhibition; (b) there were no significant differences in the amount of hydrogen peroxide produced by NADH oxidase in extracts of induced and uninduced cells of oxygen-sensitive strains. The alleviatory effect of pyruvate on growth inhibition remains to be elucidated.
The findings that oxygen affects mannitol catabolism by changing the fermentation end products and that no pyruvate formate-lyase activity was detected in cells grown under aerobic conditions support the third possibility. As mentioned before, under aerobic conditions the additional NADH produced in the reaction converting mannitol 1 -phosphate to fructose 6-phosphate is probably reoxidized by NADH oxidase. Consequently, aerobic catabolism of mannitol may depend on the level of NADH oxidase. In the present study, NADH oxidase activity in two oxygen-sensitive strains was not induced by oxygen but a slightly increased superoxide dismutase activity was observed in those strains (Table 3) . Thus, we 'conclude that NADH oxidase activity in the cells is the most important factor in determining the oxygen-tolerance of S. mutans, though superoxide dismutase may also act as a defence mechanism against oxygen toxicity.
